E orts to impart elasticity and multifunctionality in nanocomposites focus mainly on integrating polymeric 1,2 and nanoscale 3-5 components. Yet owing to the stochastic emergence and distribution of strain-concentrating defects and to the sti ening of nanoscale components at high strains, such composites often possess unpredictable strain-property relationships. Here, by taking inspiration from kirigami-the Japanese art of paper cutting-we show that a network of notches 6-8 made in rigid nanocomposite and other composite sheets by top-down patterning techniques prevents unpredictable local failure and increases the ultimate strain of the sheets from 4 to 370%. We also show that the sheets' tensile behaviour can be accurately predicted through finite-element modelling. Moreover, in marked contrast to other stretchable conductors 3-5 , the electrical conductance of the stretchable kirigami sheets is maintained over the entire strain regime, and we demonstrate their use to tune plasma-discharge phenomena. The unique properties of kirigami nanocomposites as plasma electrodes open up a wide range of novel technological solutions for stretchable electronics and optoelectronic devices, among other application possibilities.
severely limits the macroscale elasticity of composites, as well as their ability to relax local strain singularities. Strain-induced restructuring in several interdependent components adds to the complexity of the multiscale deformations in nanocomposites, and severely complicates predictive modelling of their tensile behaviour.
In this work we investigate a method to increase the strain capabilities of conductive materials, borrowing the concept from the art of paper cutting known in different cultures as jianzhi, kirigami and monkiri, or silhouette. We shall primarily use the term kirigami because of the greater emphasis of this Japanese technique on repetitive patterns and their effects on three-dimensional (3D) deformations of paper sheets.
Patterns of notches have recently been used to engineer macroscale structures capable of high strains and exhibited other unusual mechanical properties [19] [20] [21] [22] [23] . We propose that similar patterns can be used as a tool for materials engineering 24, 25 . Indeed, we find that stiff nanocomposite sheets acquire unusually high extensibility after microscale kirigami patterning, the result of stress delocalization over numerous preset deformation points. We also find that the kirigami approach can pave the way towards predictive deformation mechanics for such complex materials as composites and provide a systematic means to engineer elasticity. Moreover, we find that patterning has only a negligible impact on the electrical conductance of macroscale sheets, which enables the use of kirigami nanocomposites as an electrode to control plasma discharge under strain.
In traditional kirigami, cut patterns are introduced into paper sheets to attain a desirable topology on folding. Using standard top-down techniques such as photolithography, we can extend this technique to the micro-or potentially nanoscale ( Fig. 1 ). This fabrication process offers both scalability and accuracy, providing us with a means to produce similar patterns across multiple length scales. Here the homogeneity of material must be commensurate with the length scale of the kirigami cuts, which is true for many nanocomposites, as exemplified by graphene oxide multilayers made by vacuum-assisted filtration (VAF) or layer-bylayer assembly (LBL) techniques ( Fig. 1b) 26 . Although many cut patterns are possible, a simple kirigami pattern consisting of straight lines in a centred rectangular arrangement ( Fig. 2 inset) made of tracing paper (Young's modulus, E = 1.2 GPa) provides an experimentally convenient model for this study (Methods). This pattern has allowed us to develop a comprehensive description of deformation patterns taking place in the material. The original material without patterning shows a strain of ∼4% before failure; its deformation primarily involves stretching of the individual nano-, micro-and macroscale cellulose fibres within the matrix ( Fig. 2 grey curve) . With a single cut in the middle of the sample, the stress-strain curve shows a slight decrease of ultimate strength but otherwise behaves similarly to the pristine paper (dashed blue). In contrast, a sheet of the same paper with the tessellated kirigami cuts (green) shows markedly different tensile behaviour. The initial elasticity at <5% strain ( Fig. 2 , purple section) closely follows the deformation curve of the pristine sheet. As the applied tensile force exceeds a critical buckling force, the initially planar sheet starts to deform as the thin struts formed by the cuts open up ( Supplementary Fig. 2 ). Within a secondary elastic plateau regime ( Fig. 2 , green section), buckling occurs at the struts as they rotate to align with the applied load, and deformation occurs out of the plane of the sample. During the deformation process, kirigamipatterned sheets exhibit out-of-plane deflection due to mechanical bistability ( Supplementary Fig. 1 ) 27, 28 . This out-of-plane deflection can be used to impart additional functionality, as we demonstrate in the later part of the present study. Finally, the alignment of the struts causes the overall structure to densify perpendicular to the pulling direction ( Fig. 2 , white section). Failure then begins when the ends of the cuts tear and crease owing to high stress at these regions.
The effect of the kirigami pattern on the overall mechanical response can be evaluated using beam deflection analysis. We approximate individual struts formed by kirigami as beams (Supplementary Information and Supplementary Fig. 2 ): the beam length is related to the length of the cut (L c ), the spacing in the transverse direction (x), and the spacing in the axial direction (y). Beam deflection analysis predicts that the critical force scales with Young's modulus, and t is the thickness of the sheet. This approximated force-deflection relationship does not account for deformation in buckling and torsion that is experienced in the sample as a whole, but shows a dependence on the unit-cell geometry. We compare this analysis with experimental results and use finite-element modelling (FEM) to understand the post-buckling behaviour.
Having defined the relevant geometric and material parameters, we investigate the control over the deformation by systematically varying the kirigami unit-cell geometry in the plane view, as defined in Fig. 3a -c (lower insets), for horizontal spacing x, vertical spacing y, and cut length L c , respectively ( Supplementary Table I ). As expected, the critical buckling load and the size of the nonlinear elastic region-which dictates the maximum extension of the samples at failure-are strongly affected by the unit-cell geometry (Fig. 3a-c) . The critical buckling load marks the onset of buckling, where the initial elastic linear regime transitions to the nonlinear regime. Our experimental results show that an increase in x-spacing shifts the stress-strain curve up, corresponding to higher critical buckling loads. An increase in y-spacing decreases the maximum extension and increases the critical buckling load, as expected from the beam analysis. An increased L c softens the material, resulting in a lower critical buckling load and higher extensibility. Generally, an increased spacing between the cuts makes the sheet more rigid and imparts a higher critical buckling load, whereas increasing the cut length weakens the material, lowers its critical buckling load, and increases its extensibility. In contrast to the usual trade-off between strength and extensibility, an increased x-spacing does not exhibit this trade-off. This is because each cut is able to grow, or tear, along the cut length until neighbouring (in the strain-transverse direction) cuts begin to coalesce, without the overall structure failing. In the process of tearing and final coalescence along the cuts, fracture energy is dissipated while allowing the sheet to extend even further. Hence, the increase of toughness here is related to the distance between the structural features, demonstrating a toughening strategy on a higher length scale. This suggests that the relationship between pattern spacing and mechanical response may be extended to other length scales and materials where high strains are desirable. The uniformity of the material is the only structural limitation for such scaling behaviour that we foresee at present. The cuts need only to be larger than the typical variations in materials composition and properties of the sheet.
The key trends observed in our experiments are replicated by FEM analysis (Fig. 3a-c insets) , revealing geometric parameters that are in agreement with our intuitive understanding and the beam deflection analysis. We note that FEM accurately reproduces the general stress-strain response and the experimentally observed effects of geometrical parameters. Conversely, FEM predictions underestimate the buckling load. These deviations are associated with microscale deformations of the material, especially in the apexes of the cuts. The finite-element model does not describe the tearing and breaking that occurs in these areas. Confirming the source of the deviations, we achieved quantitative agreement with our experiments by using a uniform crystalline polyimide film (Supplementary Information), laser-cut to render clean, even widths. These samples were also tested for fatigue life up to 1,000 cycles running to 70% strain, with an ∼18% strain energy fade ( Supplementary Fig. 3 ). This result shows remarkable damage tolerance and suggests potential reversible and reconfigurable applications for the kirigami patterns.
The FEM results show that the applied load is distributed uniformly throughout the kirigami sheets, rather than concentrating on singularities with random initiation sites (Fig. 4) . Thus, high strain is accommodated to improve damage tolerance despite multiple defect sites. This deformation scheme contrasts with the deformation of typical stiff materials, where the presence of any defect acts as a stress concentrator from which cracks propagate and lead to fracture. Considering the deformation in terms of stress fields, we find that kirigami patterns can be used to dictate stress concentrations and effectively control deformation. To further reduce the loads at the cuts, we employ a technique widely used in fracture mechanicsblunting the crack tip using a stress distributing geometry, such as circles ( Supplementary Fig. 4 ). These circular features effectively delay the onset of tearing and lead to a larger operating window for the nonlinear elastic region ( Supplementary Fig. 4) .
The large strains enabled by the kirigami structures described in this study may have strain-invariant electrical conductance, potentially useful in a variety of devices, including stretchable current collectors and electrodes. As previously mentioned, during buckling deformation the kirigami samples generate an out-ofplane texture that can be used to modulate electronic processes. To make 3D kirigami electrodes, we infiltrate tracing paper with well-dispersed single-walled carbon nanotubes (CNT) or deposit an LBL-assembled (CNT/PVA) 30 film on a 5-µm parylene (Fig. 5a-c and Methods). With the kirigami patterns, the yield strain increases from around 5% (ref. 29) to ∼290% and ∼200% for the paper and LBL nanocomposite, respectively. The conductance does not change significantly during stretching for either the paper or LBL nanocomposites (Fig. 5c ), indicating that the presence of the patterned notches accommodates strain while maintaining a conductive network provided by the CNT. In both cases the strain obtained is 20-30 times greater than for similar composites without the notch patterns 30 .
The unique combination of high strain and high conductivity observed for 3D kirigami nanocomposites allows us to use them as electrodes for tunable plasma discharge inside an argon-filled glass tube. At constant voltage and pressure, the electric field concentrates at the sharp apices that arise from the strain-induced out-of-plane deformation (Fig. 5d ). Effectively, the increased strain increases the roughness of the electrode, which lowers the corona onset voltage (Supplementary Information). Hence, as the strain level is increased, we visually observe a higher degree of local ionization and plasma intensity resulting from increased recombination of ionized species. The development of tunable electrodes opens up the possibility of many useful new applications.
In contrast to molecular or nanoscale manipulation of strain, we show that it is possible to control deformation in materials with topdown kirigami patterning, which can be extended to multiple length scales. The new insights obtained here may bridge the gap between nanoscale and macroscale strain engineering, as well as enable novel engineering applications in which out-of-plane deflection can be controlled to create multiscale, reconfigurable structures. Kirigami nanocomposites may find significant use in radio-frequency plasma applications, including surface treatment, materials processing, displays, radar phase arrays, ozone production and corona-induced airflow. Deformable electrodes that can withstand a wide range of strains can also be extended to a variety of flexible-electronic technologies beyond plasma processes.
Methods
Methods and any associated references are available in the online version of the paper.
